Abstract: A long held geologic paradigm is that mudrocks and shales are basically the product of 'hemipelagic rain' of silt-and/or clay-sized, detrital, biogenic and particulate organic particles onto the ocean floor over long intervals of time. However, recently published experimental and field-based studies have revealed a plethora of microsedimentary features that indicate these common fine-grained rocks also could have been transported and/or reworked by unidirectional currents. In this paper, we add to this growing body of knowledge by describing such features from the Paleozoic Barnett Shale in the Fort Worth Basin, Texas, U.S.A. which suggests transport and deposition was from hyperpycnal, turbidity, storm and/or contour currents, in addition to hemipelagic rain. On the basis of a variety of sedimentary textures and structures, six main sedimentary facies have been defined from four 0.3 meter intervals in a 68m (223 ft) long Barnett Shale core: massive mudstone, rhythmic mudstone, ripple and low-angle laminated mudstone, graded mudstone, clay-rich facies, and spicule-rich facies. Current-induced features of these facies include mm-to cmscale cross-and parallel-laminations, scour surfaces, clastic/biogenic particle alignment, and normal-and inverse-size grading. A spectrum of vertical facies transitions and bed types indicate deposition from waxing-waning flows rather than from steady 'rain' of particles to the sea floor. Detrital sponge spicule-rich facies suggests transport to the marine environment as hypopycnal or hyperpycnal flows and reversal in buoyancy by transformation from concentrated to dilute flows; alternatively the spicules could have originated by submarine slumping in front of contemporaneous shallow marine sponge reefs, and then transported basinward as turbidity current flows. The occurrence of dispersed biogenic/organic remains and inversely size graded mudstones also support a hyperpycnal and/or turbidity flow origin for a significant part of the strata. These processes and facies reported in this paper are probably present in other organic-rich shales.
Introduction
The recent popularity of organic-rich shale and mud rocks as a future, long-term energy source has, among other things, led to significant interest in interpreting their environments of deposition, sedimentology and stratigraphy at the laminae to basinal scales.
At the mm-to m-scale, they often exhibit cross-and parallel-laminations, scour surfaces, particle alignment, and burrows [1] [2] [3] [4] [5] [6] [7] .
At a larger, m+ scale, their grain size may be vertically homogenous, suggestive of either hemipelagic rain or complete bioturbation, or they may reveal fining upward patterns typical of mud turbidites [8] [9] [10] or coarseningupward, then fining-upward patterns which, according to Mulder and others [11] , are the product of deposition from hyperpycnal flows [12] [13] [14] . At a still larger parasequence to sequence scale, they may display systematic stacking patterns of lithofacies [15] [16] [17] .
In terms of formative processes at the laminae to bed scales, a list of potential transport, deposition, and reworking processes has emerged which includes: (1) hemipelagic 'rain' of detrital and/or biogenic particles; (2) hyperpycnal flows; (3) turbidity current flows; (4) tempestite (storm deposits); and (5) contourite (bottomhugging slope, oceanic currents) (Figure 1 ). In addition to the features described above, the revelation that mud, when flocculated in sea water, can be transported on the sea floor as hydraulic equivalents to coarser particles to form mud ripples [18, 19] has strengthened belief in the ability of large concentrations of mud to be supplied to the ocean floor over short time intervals or 'events'.
Because of the relative lack of historical data on shale/mud rock stratigraphy and sedimentology, the relative scarcity of instrumentation to simulate transport and deposition of mud, and their fine grained and thinly bedded nature, the task of evaluating criteria which might singly or in combination differentiate the various formative processes has emerged as a daunting challenge, particularly so because multiple processes may be active within one basin throughout its history of mud deposition. In this paper, we attempt to describe and evaluate criteria for interpretation of formative processes. To accomplish this, we selected representative samples from a 68m (223ft) long core of the Mississippian-aged Barnett Shale, an aerially extensive, gas-and liquids-producing shale in the Fort Worth Basin of Texas, U.S.A. (Fig. 2A) .
The Barnett Shale has been well documented in the literature [20] [21] [22] [23] [24] [25] so is not reviewed in detail here. Of importance to this paper is the interpretation that in the northern part of the Ft. Worth Basin, sediments were sourced mainly from the Munster Arch, but in the eastern part, which is the focus of this paper, the Barnett Shale was also sourced from the carbonate and siliceous sponge reef-rich Chappel shelf to the west (Fig. 2B) [23] . At a smaller scale, Singh (2008) recognized shifts in source and depositional trends among 14 parasequences comprising the Barnett Shale in the north [15] . These shifts are most likely a reflection of short periods of subareial exposure and development of unconformities [26] . Previouslydeposited or contemporaneous shallow-marine spiculitic sediments would have been eroded during these periods of exposure and transported and deposited basinward [23] . If so, the spiculitic material in the Barnett shale is of a secondary detrital origin (primary origin was biogenic) and can be used as an indicator of detrital (rather than insitu marine) input to the basin. Alternately, living sponge reefs in shallow marine waters could have periodically shed spicules basinward by submarine slumps and/or turbidity currents during tectonic events [27] .
Methodology
The core, from a vertical well drilled in the eastern part of the basin ( Fig. 2A) , contains a variety of small-scale sedimentary features and stratification styles that suggest a variety of processes was involved in their deposition. Numerous micro-sedimentary textures and structures are present throughout the core. For example, one 1.7 cm long interval ( Fig. 3 ) revealed a complex and variable, fine scale stack of several discrete, individual laminae. This level of micro-stratigraphy is common in the entire core.
On the basis of vertical changes in color and some micro sedimentary features (Fig. 4) , four core intervals were selected for detailed analysis. These cored intervals that each are <0.3m (1 ft) long, are hereafter referred to as A, B, C, and D. Detailed description of these cored intervals included macroscopic sedimentary structures, grain size, color, 2D geometry, and bounding surfaces (Fig. 5 ). Petrographic analysis was completed on 13 thin sections. Each section was scanned with an Epson, 48-bit color, 4800 dpi scanner in order to provide larger images of the millimeter-scale structures and textures. Silt and clay content were visually estimated, based upon color and texture. The changes in grain size are commonly subtle and not always clearly inferred from visual description of core nor from scanned thin sections.
Sedimentary lithofacies
Six lithofacies were identified based on vertical facies transitions, bed types, and sedimentary textures and structures: (1) massive mudstone, (2) rhythmic mudstone, (3) ripple and low-angle laminated mudstone, (4) graded mudstone, (5) clay-rich mudstone, and (6) spicule-rich mudstone. Thickness and abundance of these lithofacies is provided in Table 1 and Figure 5 , and their characteristics are listed in Table 2 . Interpretations of these features are provided below. 
1: Massive mudstone
Massive mudstone laminae are the most abundant lithofacies in core intervals A and B ( Figure 5 ). Total thickness of this lithofacies is 30 % of the total interval thickness in core A and 56% of the total interval thickness in core B ( Table 1 ). The following criteria suggest deposition from suspension fallout after transport into the basin from hypopycnal, hyperpycnal or possibly turbidity currents (Table2).
-abundance of moderately to well sorted, fine to very fine silt-size, detrital sponge spicules that are evenly dispersed within a clay groundmass (Fig. 6A ).
-The richness of detrital sponge spicules attests to a westerly source from the Chappel Limestone ( Figure 2B ), which contains spiculite-bearing sponge reefs as well as carbonate pinnacle reefs [23, 25, 28, 29] .
-Lack of internal structures or bioturbation (Fig. 6B ).
-Lack of erosional contacts.
2: Rhythmic mudstone:
The total thickness of this lithofacies in the cored intervals varies between 18 and 59 % (Table1). It mostly dominates the lower portions of the studied core intervals ( Figure 5 ). Based upon the following criteria, a relatively shallow water environment of deposition from hypopycnal or hyperpycnal flows is suggested for this lithofacies (Table 2 ).
-Presence of plant remains, as found in modern, lowdensity hyperpycnites [12] .
-Alternations of closely spaced, clayey-silt (light colored) and clay (darker colored) ( Figure 7A ) wispy laminations (Fig. 7B ).
-Sponge spicules, shell fragments, quartz and clay par- ticles that are rhythmically laminated and horizontally aligned ( Figure 7 : C, D and E) indicating fluctuations in flow, coupled with particle density segregation such as might be the result of pulses in river discharge during flooding [11, 30, 31] .
3: Ripple and low-angle laminated mudstone
This lithofacies is less abundant in the cored intervals ( Figure 5 ), averaging about 17 % of core A thickness, 11 % of core C thickness and 3 % of core D thickness (Table 1) . Laminae range from very-fine siltstone to claystone. On the basis of the following criteria, this lithofacies is interpreted to have been deposited in a shallow marine environment associated with storms or bottom currents (Table2). Whether the material was transported from terrestrial (hyperpycnal current) or marine (turbidity current), cannot be ascertained.
-Common ripple lamination in which the clay materials drape the ripple foresets ( Figure 8A, B ).
-Common low-angle, micro cross-stratification (Figure 8B, C ).
-Sharp upper and lower laminae boundaries, with some micro-erosional to gradational lower contacts.
4: Graded Mudstone
This lithofacies is common in core intervals A, B and D, but less common in interval C (Fig. 5) . On the basis of the following criteria, it is interpreted as having been deposited from hyperpycnal and/or turbidity currents (Table 2 ). -Sharp -based laminae exhibiting an upward decrease in grain-size from silt to clay, accompanied by an upward decrease in sponge spicule content.
-Similar appearance to sandier beds normally considered "classical" Bouma-type Tc turbidites [32] .
-This lithofacies is similar to ones that previously have been interpreted as mud turbidites [9] .
-Generally sharp and erosive bases (Fig. 9A ).
-Inverse -to -normal grading suggestive of hyperpycnal flows during rising, then falling river flood stage (Fig. 9A ) [12, 33] .
-Presence of sponge spicules, indicative of erosion of older strata.
5: Clay-rich mudstone
This lithofacies occurs in only small percentages (3-12 % with an average of 7.5 % of total core thicknesses) in all four core intervals (Table 1) . Based upon the following criteria, it is interpreted as having been deposited from trailing, waning, low concentration, non-cohesive and turbulent clouds before settling of a mud plume in a dysoxic or anoxic environment; -Sharp, gradational to erosional contacts ( Figure 10A , C).
-Clay groundmass with a few scattered detrital quartz grains and dispersed spicules ( Figure 10B ).
-Spherical to irregularly-shaped, sand-sized, phosphatized pellets and phosphate-coated fossil fragments. In core interval B, this facies is enriched in sand-sized pellets, which are absent in adjacent facies (Fig. 10C, D, E ).
-Lack of bioturbation.
6: Spicule-rich mudstone
This lithofacies differs from the previous ones because of its greater abundance of sponge spicules relative to the clay groundmass. It commonly occurs interbedded with graded and clay-rich lithofacies (Fig. 11A) and at the top of massive mudstone lithofacies (Fig. 11B) . Based upon the following criteria, this lithofacies is interpreted to have been transported and deposited from hyperpycnal or turbidity flows. This lithofacies could represent the transformation of a high concentration, high density flow to a more dilute, low density hyperpycnal flow containing lofted materials.
-Presence of small, floating clay chips and particulate plant remains dispersed within the massive mud or concentrated towards its upper boundary (Fig. 11C ).
-Sponge spicules mixed with plant remains. The spicules were derived from the sponge reef-bearing Chappel Limestone.
-Spicules are made buoyant by the presence of a central hollow chamber [19] , so they mix with buoyant plant remains [34, 35] . Such a buoyancy reversal [36] is a typical characteristic of sustained hyperpycnal flows [35] .
Discussion and depositional model
The Barnett Shale was deposited over a 22My time frame, making it a 2nd order Mississippian (Osagean to Chesterian stages) depositional sequence with a 14mm/year average sedimentation rate [23, 37] . At least fifteen higherfrequency cycles of ∼0.5-3My (3rd order cyclicity) duration occurred during this time [38, 39] . Many processes have been suggested for providing sediment into the Fort Worth Basin [15, 22, 23, 25, 40] . Our studies, reported here, from Barnett core and thin section analyses have revealed a variety of primary sedimentary textures and structures (listed in Table 2 ) which indicate a variety of potential transport and depositional processes other than 'hemipelagic rain' (Figure 12 ) [4] . Fluctuations in vertical stacking of these laminae argues for waxing-waning flows from either hyperpycnal currents or turbidity currents of variable magnitude, and perhaps reworking by wind-generated or semi-permanent oceanic currents.
The strongest lines of evidence for hyperpycnal flows is the presence of plant remains, inverse-to-normal grain size grading, and possibly sponge spicules if they were subaerially eroded from contemporaneous or older, basinmargin rocks. Spicule-rich Mississippian rocks are globally widespread throughout the Phanerozoic, including in the vicinity of the Barnett Shale (U.S. Midcontinent) [26] . They were initially deposited on shallow-water shelves, which locally were eroded during periods of subaerial exposure (see figure 2B and 13) [23, 41, 42] or transported basinward as turbidity flows generated as submarine slumps [27] .
Although sequence stratigraphic and other larger-scale aspects are dealt with in another paper [25] , it can be speculated here that the frequency of turbidity and hyperpycnal flows, and the degree of oxygenation at the sea floor, would vary according to climatic and relative sea level fluctuations [17] . Periods of falling sea level would provide greater riverine input (hyperpycnal flows) as well as submarine slumps (turbidity flows) to an oxygenated bottom; periods of rising sea level would generate anoxic bottom waters and perhaps fewer turbidity and hyperpycnal flows and more hemipelagic rain. In terms of facies described above, rhythmic mudstone (lithofacies 2), graded mudstone (lithofacies 4), and spicule-rich mudstone (lithofacies 6) would more likely be associated with hyperpycnal flows. Massive mudstone (lithofacies 1) would more likely have been deposited from suspension fallout, perhaps from a hypopycnal plume. Laminated mudstone facies (lithofacies 3) could be associated with hyperpycnal, turbidity and/or oceanic currents. Clay-rich facies (lithofacies 5) would be associated with hemipelagic rain. 
Conclusion
The following six depositional lithofacies have been identified within the Paleozoic Barnett Shale based upon a spectrum of bed types, sedimentary textures and structures, and vertical facies transitions: (1) massive mudstone; (2) rhythmic mudstone; (3) ripple and low-angle laminated mudstone; (4) graded mudstone; (5) clay-rich mudstone; and (6) spicule-rich mudstone. The variability in primary sedimentary structures and textures indicates a variety of current-related processes were active in sediment transport and deposition.
In fine grained rocks such as the Barnett Shale it is difficult to unequivocally differentiate deposits from hyperpycnal and turbidity currents. Lines of evidence for transport into the marine environment by hypo-and hyper-pycnal flows include plant remains, inverse-grading of mud beds, and possibly detrital sponge spicules eroded from older or contemporaneous strata. Evidence for mud turbidity current flows includes normal size grading, current-induced micro-sedimentary structures, and possibly spicules. At this small scale, the characteristics of each deposit (laminae) would be a result of grain type and concentration within the transporting current as well as of the waxing and waning of that current over time.
At the larger scale, the frequency of turbidity and hyperpycnal flows, and the degree of oxygenation of the sea bottom conditions, would vary according to climatic and relative sea level fluctuations. Accordingly, rhythmic mudstone (Facies 2) and spicule-rich mudstone (Facies 6) are more than likely associated with hyperpycnal flows; graded mudstone (Facies 4) is associated with hyperpycnal and/or turbidity current flows; massive mudstone (Facies 1) is more likely associated with suspension fallout; rippled-low angle, laminated mudstone (Facies 3) could be associated with storm and/or contour currents, and clay-rich mudstone (Facies 5) would be associated with hemipelagic rain/mud plume.
